Abstract. Roundabouts developed as a road intersection design option has resulted in a series of nonuniform design guidance criteria in Europe, as well as in the United States and other Countries. In addition to different design specifications about the geometry of the elements constituting a roundabout (width and lanes of the circulatory roadway, entry and exit legs, splitter island), the methods for guaranteeing that vehicle paths deflect through the roundabout are also different. These methods ensure proper travel speeds between conflicting traffic flows. Currently, the main parameters used by standards to control the deflection are the deflection radius, the entry path radius, and the deviation angle. After a comparison between International deflection methods for roundabouts, this study checks the geometric requirements of the deviation angle for more than 7.000 hypothetical one-lane rural roundabouts. The Computer-Aided Design (CAD) drawing of the roundabouts takes into account the range of variability of their main geometric parameters, according to the Italian Standard. Subsequently, a number of the considered roundabouts checked with both the entry path radius and the German methods. Some results showing the greater effectiveness of the less popular deviation angle method are discussed. The main aims of this paper are: 1) to promote the deviation angle method, which is only used in Switzerland and Italy; 2) to improve standards, as regards the applicability and validity of the deflection angle method; 3) to help practitioners to know in advance the outcome of the deflection checks at the beginning of the iterative design process, once the boundary conditions are known.
Introduction
The modern roundabout is a circular intersection, successfully implemented worldwide over the past few decades. However, roundabout design guidance criteria are nonuniform. Some studies have extensively reviewed several International design practices, guidelines, and regulations, potentially leading to improved local standards able to meet the needs of modern roads.
An international review of roundabout design standards and guidelines was undertaken by Kennedy (2007) to support the revision of the United Kingdom (UK) Standard for Roundabouts. A design hierarchy for roundabouts was proposed depending on road types, speed limits on the approach roads (greater or lower than 65 km/h) and on the vehicular and non-motorised user flows. A "compact" roundabout was also proposed for low-volume roads, with one lane entries, exits, and circulatory carriageway.
The review of the International standards and guidelines carried out by (Montella, Turner, Chiaradonna, & Aldridge, 2013) showed that the combined effect produced by different roundabout geometric elements on safety performance is more important than each single impact. Furthermore, several inconsistencies in the Italian standard have been identified (the absence of splitter island design, the number of exit lanes limited to 1, the unfeasible planning of roundabouts on divided highways); and recommendations for improvement have been proposed. The authors suggested the performance-based geometric design as the best approach, by better calibrating safety performance functions by means of additional geometric design parameters. Pilko (2017) and Bezina, Stančerić, and Ahac (2017) conducted an International literature review on roundabout geometric design and traffic efficiency practices, mainly focused on capacity and delay, to introduce and improve the Croatian guidelines. The indication of the best models and simulation software to be used for analysing and improving operational features of roundabouts was the most important goal of this comprehensive and systematic field-analytical study on existing roundabouts.
Almost all International roundabout design guidelines include specific requirements on how to control speeds, while approaching and negotiating the roundabout, considering the vehicle path deflection. In detail, the main parameters used to control speeds at roundabouts by ensuring the vehicle path deflection are the deflection radius, the entry path radius and the deviation angle, defined below and better explained in Figure 1: -The deflection radius is the radius of the vehicle path through the circulating roadway. The largest value of the radius is set to control the operational speeds on the roundabout. This method was formally proposed in UK and Australian Guidelines (Arndt, 2008) , and later replaced by other methods, but is used in France. -The entry path radius is the path radius of a vehicle, which is approaching the roundabout by entering the circulating roadway. It defined as the "minimum radius on the fastest through path before the yield line" (NCHRP, 2010) . It is possible to limit the speed of drivers who are entering in the roundabout, by limiting the entry path radius (Colonna, Berloco, Intini, Perruccio, & Ranieri, 2016) . This approach is used in several countries (Afezolli & Paçi, 2012 ). -The deviation angle is the angle included between the two tangent lines to the 3.5 m offsets of the entry and exit kerb radii as in Figure 1 . Setting a minimum value for this angle may lead to controlling the speeds of drivers who have to negotiate the roundabout, by ensuring an appropriate curved path. This approach is used in Italy and Switzerland. Some other roundabout design standards use different geometric parameters to control the deflection of trajectories from the ones listed above. For example, according to German standards, a satisfactory deflection is considered to be achieved when the radius of the central island is at least twice the entry lane width (Figure 1a) .
The following Table 1 summarizes the parameters controlling the deflection of trajectories provided in different roundabout design standards reviewed (from the United States of America (USA), Australia, and some European countries), better explained in Figure 1 .
While the aims of the above listed methods are similar, the specific design requirements for achieving them are different. Clearly, independently of the specific need, deflection prescriptions limit the geometric roundabout configurations, usually chosen by the designers. For this reason, technical studies may help practitioners in addressing the geometric design aspects of roundabouts with particular regard to the deflection requirements, which in some cases are hard to fulfil. Moreover, the main three deflection requirements are normally affected by the other geometric elements of the roundabout, and the design process is usually iterative. Hence, providing practitioners with methods to know in advance the relationships between different geometric roundabout parameters and the deflection requirements could be very helpful.
However, the literature specifically related to the topic of roundabout deflection is scarce. There are some stud- Notes: * ≤90 m for design speed ≤60 km/h, ≤30 m for design speed ≤30 km/h; ** ≤52 m for super elevation equal to +0.02; ≤66 m for super elevation equal to -0.02; *** this value is increased (≤100 m for speed ≤40 km/h) when the desired speed on the leg placed before the roundabout is <90 km/h.
ies on the design aspects of roundabouts, which consider the entry path radius method in detail (see e.g. ARNDT, 2008; Easa & Mehmood, 2004; Flannery, 2001; Mehmood & Easa, 2006) . The study by Easa and Mehmood (2004) specifically provides an optimized method for designing the geometry of roundabouts, also considering the deflection requirements. However, the deviation angle method was mainly addressed by earlier studies from a safety perspective (Sacchi, Bassani & Persaud, 2011; Sadeq & Sayed, 2016; Spacek, 2004) . In a recent Italian study on roundabout crashes (Montella, 2011) , a very large entry path radius (R > 100 m) was identified as a contributory factor in almost 30% of the crashes. Ambros, Novák, Borsos, Hóz, Kieć, Machciník, and Ondrejka (2016) developed accident prediction models for roundabouts, based on accident, traffic and geometric data for 72 roundabouts in four Central-European countries. They found injury accident frequencies increasing with the traffic volume and apron width, and decreasing with the deflection parameters (in terms of both entry and deviation angles).
This study is intended as a research contribution to deepen the comparison between the deflection methods for roundabout design, and it is specifically focused on the deviation angle method. Designing a roundabout is an iterative process. In most cases, checking the roundabout deflection is the last step in the design process. Thereafter, the consistency between the speeds related to the entry, circulatory and exit (rarely) trajectories are verified. In several cases, the deflection check gives a negative output and the designer has to repeat the design process, by modifying some geometric input parameters. This is the case of converting existing intersections into roundabouts, given some constraining boundary conditions (e.g. limited diameter or roads at intersections with angles different than 90°).
Starting from this evidence, the aims of the study are:
-to review some key international practices for ensuring path deflections at roundabouts; -to find the minimum geometric standards for a generic roundabout, which are able to satisfy the deviation angle check (taking into consideration the Italian legislation); -to compare results obtained from the simulation performed considering the deviation angle method (using the Italian reference standard) with the entry path radius method (using the US reference standard) and the German method; -to provide some possible improvements in standards using the deviation angle method (in particular the Italian one, used as a reference). To reach this aim, the deflection angles of more than 7.000 hypothetical roundabouts plotted in a CAD environment were measured. A number of the considered roundabouts were checked with both the entry path radius and the German methods. The high number of roundabouts examined derives from the high number of geometrical parameters considered in the graphic simulation. A simulation of the variability of these parameters was conducted, systematically, within the validity intervals indicated in the Italian roundabout geometric standard taken as a reference (Ministero delle Infrastrutture e dei Trasporti, 2006) .
The remainder of the paper is structured as follows. Section 1 is devoted to present some International standards on the deflection requirements. An overview of the Italian standard used as a reference for the design of roundabouts is presented in Section 2, while the methods employed for the research are detailed in Section 3. The following Section 4 presents the results obtained through the simulation of the geometry of the reconstructed roundabouts as well as the comparison between the deviation angle and the method of the entry path radius. The results are discussed in Section 5, in which some proposals are also advanced for improving the Italian Standard based on the results obtained. Conclusions about this study are then drawn, also giving some indications about possible future developments.
International comparison of roundabout deflection methods
In this section, the requirements provided by the main international standards to control the speed through the deflection are summarized. A generic depiction of the deflection measures adopted in seven European countries, the USA and Australia, is given in Figure 1 . Most other countries adopt one of the methods described or a combination thereof.
The deflection radius method
The French method According to The Design of Interurban Intersections on Major Roads. At-Grade Intersections (SETRA, 1998) , the path deflection is the radius of the arc passing 1.5 m from the edge of the central island and 2 m from the edges of the entry and exit lanes ( Figure 1c) . Its radius should be less than 100 m. The recommended value is 30 m.
The entry path radius method
The Spanish method The Recomendaciones sobre glorietas (Ministerio de Fomento, 1999 ) set the maximum entry path radius to 100 m in order to ensure a reasonable entry speed ( Figure 1f ). However, this value corresponds to an entry speed equal about to 50 km/h. For this reason, the Spanish standard is closer to the Anglo-Saxon standards than other standards from continental Europe.
The UK method
The TD 16/07 -Geometric design of roundabouts (UK Highways Agency, 2007) assumes a width of 2 m for the entry path. In this way, a distance of at least 1 m between the centerline of the following vehicle and any kerb or edge marking may be kept (Figure 1f ). The path starts 50 m in advance of the give way line. The entry path radius is as-sumed the smallest radius of this path. It is measured over the smallest best-fit circular curve over a distance of 25 m on the entry path close to the give way line, but less than or equal to 50 m from it. The entry path radius must be lower than or equal to 70 m at urban compact roundabouts and 100 m at all other roundabouts.
The US method
Guidelines about roundabout design in the US are provided in Roundabouts: An Informational Guide -second Edition (NCHRP, 2010) , replacing the first edition (NCHRP, 2000) . Those guidelines use a method for plotting the entry path similar to the British method. They also recommend a maximum theoretical entry design speed.
In detail, the entry path radius is the smallest best-fit circular curve of at least 20 m to 25 m measured on the fastest path, advanced less than or equal to 50 m from the entrance line. The fastest path is obtained in turn by drawing the curve constrained by the offsets indicated in Figure 1f . Hence, in correspondence to the entry radius so determined, the speeds must be lower than the speeds reported in Table 2 . The safety check is aimed at the optimum goal of obtaining the smallest possible speed differential between the traffic flowing in the circulatory lane of the roundabout and the traffic entering from the entry lanes.
Eqs 1-2 provide the simplified relationship between speed and radius reported in (NCHRP, 2010), used to assign the speed to a given entry path radius, in case of positive or negative super elevation. 
where V -speeds (mph); R -radius (ft); e -super elevation (ft/ft).
The deviation angle method
The Swiss method The SN 640 263 Carrefours giratoires (VSS, 1999) recommends observing a deviation angle β ≥ 45° (Figure 1e ). In general, the need for a deviation angle β ≥ 45° is satisfied in the case of roundabouts with four legs having a large inscribed circle diameter (ICD) (>32 m). The Swiss standard also provides the correlation between the deflection angle β and the entry angle α (between the vehicle entry path and the tangent to the inscribed circle diameter): the recommendation of β ≥ 45° is mandatory in the case of α < 70°. However, the same standard also accepts smaller β angles to calculate the circulatory speeds used for visibility checks (40 km/h for β < 20°, 35 km/h for 20° ≤ β ≤ 45°, 30 km/h for β > 45°). In fact, the Swiss standard is composed of recommendations and therefore allows more freedom to the designers. a) draw the offset curve at 3.50 m of both the entry and exit kerb radii; b) plot the lines at a tangent to both the offset curves drawn at the earlier stage, and the non-mountable kerbs of the central island; c) measure the angle included between the two obtained tangent lines. A deviation angle β value greater than or equal to 45° is recommended for each crossing leg. This requirement is valid for all types of roundabouts, independently of their diameters.
The Italian method

Other methods
The Dutch method Concerning the speed reduction to be obtained at rural one-lane roundabouts, the Dutch guidelines (CROW, 1998) differ from the FHWA (U.S. Federal Highway Administration) guidelines (approach speed of 35 km/h and 40 km/h, respectively). On single-lane roundabouts, all aspects of safety improve when the largest vehicle path curvature is used (Figure 1b) . According to the Dutch regulations, the relationship between the speed V on the curved path and its radius R is represented by Eq. (3) and the speed through the roundabout is variable between 30 km/h and 35 km/h. Hence, the deflection radius falls in the range between 16 m and 23 m.
The German method The German guidelines (FGSV, 2006) require the lateral displacement of the vehicle entering the roundabout to be at least twice the approach lane width (L c ): R int ≥ 2L c , as shown in Figure 1a .
The Swedish method
The Swedish guidelines (Trafikverket, 2015) require both the entry path radius and the deflection radius to be smaller than a given threshold (Figure 1d ). This value is equal to 90 m for design speed ≤60 km/h (rural roundabouts), and 30 m for design speed ≤30 km/h (urban roundabouts). 
Overview of the Italian roundabout design standards
Since the Italian standard has been used as a reference in the simulations carried out, it is briefly introduced as follows. Among the geometric standards considered as a reference for conducting the analysis, the Italian standards were preferred to the Swiss ones, because they need further developments. The Italian DM 2006 "Functional and geometric Standard for building road intersections" also includes "Roundabout Intersections", very concise specific information about the circular intersections. The Italian nomenclature is different from any of the foreign ones considered in this study as regards roundabout dimensions, except for mini roundabouts with some slight differences (Tollazzi, 2015) .
The Standard considers three basic categories of roundabouts, according to the ICD, valid both in rural and in urban contexts:
-large (conventional) roundabouts (with 40 ≤ ICD ≤ 50 m); Figure 1 . Summary of the main parameters used for controlling deflection at roundabouts -compact roundabouts (with 25 ≤ ICD < 40 m); -mini roundabouts (with 14 ≤ ICD < 25). In this article, the word "conventional roundabout" translated from the Italian standard was converted into "large roundabouts" to prevent misunderstandings about the International meaning of "conventional roundabouts". A further distinguishing element, among the types of roundabouts, is the central island design, which may be partly mountable (truck apron) in the case of mini roundabouts with ICD included between 25 and 18 m, while it becomes fully mountable for those with ICD included between 18 and 14 m. The compact and large roundabouts are characterized by non-mountable kerbs. Furthermore, the circulatory roadway must always be organized on a single lane.
The widths of the modular elements stated in the Standard are reported in Table 3 .
Research method
For the aims of the research stated in the Introduction, more than 7.000 roundabouts were drawn in a CAD environment, and the deviation angle was reconstructed for each of them. The roundabouts drawn are not existing roundabouts, but rather hypothetically plausible ones, according to the Italian standards. The study considers only one-lane roundabout in rural areas, with divisional islands, and without pedestrian or bicycle crossings, sidewalks or traffic lights.
The high number of roundabouts drawn is due to the geometric parameters used as variables (Figure 2 ), which were selected by varying according to the ranges provided in the Italian standard (Table 3) . A deviation angle ≥45° indicates a good deflection of trajectories at roundabouts, for both the Italian and Swiss standards. For each combination of the geometric parameters, the smallest ICD value was obtained, for which the deviation angle check is satisfied.
The approach lane width (L c ) is assumed equal to the departure lane width, taking into account all the possible widths laid down by the Italian standard. Roundabouts with an ICD of less than 19.00 m were excluded from the analysis because they are characterized by a fully mountable central island. In these cases, the lack of a nonmountable kerb around the central island makes the construction of the deviation angle impossible as indicated by the standard. Roundabouts with opposite legs inclined, up to 120 degrees, have been considered to take into account the cases where roads at intersections conflict with angles different than 90°.
Since the Italian standard potentially allows any dimension for the entry (R entry ), approaching (R app ), exit (R exit ) and departing radii (R dep ), the choice of R entry and R exit was made by taking into account the good design practices and guidance of central European countries presented before (Kennedy, 2007; Montella, Turner, Chiaradonna & Aldridge, 2013) . Regarding the approaching and departing radii, the Swiss standard (VSS, 1999) , providing the R app to be 5 times the R entry , and the R dep to be 4 times the R exit , is used as reference. The case of the absence of the approaching and departing radius has also been considered to represent many real cases of roundabouts in Europe. The ranges of variation of the parameters, and the combinations of R app , R entry , R exit and R dep used are shown in Table. 4.
The analysis of the considered hypothetical roundabouts was aimed at identifying the relationships between the deviation angle and the geometric parameters of roundabouts. Thereafter, a comparison between the deviation angle method and other two International methods is carried out, by using the same roundabouts plotted in CAD environment by using the Italian Standards (to allow a consistent comparison). The two methods on which the comparison is based are the entry path radius method and the German method. The first method was selected since it is the most widespread in the sample of countries considered in this article. In particular, the US graphical method was selected, rather than the British, Spanish or Swedish ones, since the "a", "b", and "c" coefficients shown in Figure 1f were deemed as more realistic for the trajectories of several types of vehicles. The second method selected for the comparison is the German method, which seems to be different from all the other ones.
As regards the entry path radius method, the fastest paths of the roundabouts previously tested were reconstructed by considering the indications of the US guidelines (Figure 1f and Sub-Section 1.2), and by varying the same geometric parameters as in the analysis before conducted (ICD, θ, L c and R app /R entry /R exit /R dep ). For each hypothetical roundabout, the fastest path was drawn and the related entry path radius was obtained. Hence, the entry speed was computed, by using Eq. (1) (related to positive super elevation).
As regards the German method, the check provides a positive outcome when the radius of the circulatory island is at least twice the approach lane width. Hence, to get the smallest ICD values, in order to satisfy the rule, the following equation was employed:
where 0.5 is the width of the left shoulder (for all types of roundabouts) (m); and the value of L cir is shown in Table 3 (in this case, it is always set to 7.00 m) (m).
Results
The main results of the analysis are discussed in this section. The relationships between different geometric parameters of roundabouts and the deviation angle are reported first. Subsequently, the comparison between the deviation angle method, the entry path radius method (USA) and the German method is discussed.
Identifying the relationships between geometric design parameters of roundabouts and the deviation angle
The general results of the analysis are listed below: 1) the increase in ICD positively influences the deviation angle check (i.e. the angle increases); 2) reducing θ negatively influences the deviation angle check (i.e. the angle decreases); 3) reducing L c positively influences the deviation angle check; 4) the presence and the increase of the approaching (R app ) and the departing radius (R dep ) negatively influence the deviation angle requirement; 5) differences in the circulatory roadway width (L cir ) between compact and large roundabouts and between compact and mini roundabouts (Table 3) negatively influence the deviation angle check; 6) the Italian β recommendation (β no less than 45°) fails for any of the mini roundabouts or for many compact roundabouts (also for θ equal to 180°); 7) the Italian β recommendation (β no less than 45°) fails for θ below 140°. The considerations listed above from point 1 to point 4 may be considered as universally valid, independently of the geographical area, whereas the results highlighted in points 5 to 7 are instead related to specific Italian geometric standards.
The first two findings about ICD and θ are predictable from immediate geometric considerations. As regards the approach and the departure lane width (L c ), they depend on the roads approaching the roundabout. Therefore, it is difficult to act easily on these parameters to improve the deflection.
As concerns the approaching and the departing radius, in rural roundabouts, usually devoid of pedestrian or bicycle crossings, introducing both R app and R dep improve the intersection efficiency because it: 1) increases the roundabout capacity, 2) reduces the average occupation time, 3) ensures a proper separation among opposite traffic flows through the installation of larger splitter islands. Guidance from reference standards (even International) indicating where the approaching radius has to begin is lacking and then, its beginning was set at 15 m from the circulatory roadway in this study. In this way, it is possible to optimize the connection between R app and R entry (or R dep and R exit ), by allowing the insertion of sufficiently large splitter islands.
As regards the circulatory roadway (L cir ), the results show that its width greatly affects the deviation angle: the larger the width, the smaller the angle. As shown in Table 3, the Italian standard provides the increase in Lcir in correspondence with the decrease in ICD. A possible solution consists in assuming the L cir constant (as provided in the Swiss standard) and made varying the truck apron. This solution is discussed later in this paper and generalized for other contexts.
As regards the θ angle, on one hand the deviation angle check is unmet for θ less than 140°, although it is accomplished for θ values close to 180°, by modifying the other geometric parameters. Hence, the deviation angle check can also be satisfied for legs crossing at roundabouts with θ less than 90°.
In addition to the qualitative discussion about these geometric relationships, the resulting deviation angles for different combinations of the geometric parameters: ICD, θ, L c , R app , R entry , R exit , R dep have been computed. A summary of the results obtained from the analyses conducted is shown in It is important to note that roundabouts having ICD values equal to 25 m belong to either the mini or compact categories (which are drawn by using different values of L cir ). Hence, 10 β values are shown, instead of 5. The same remark is valid for ICD equal to 40 m, that is the boundary between large and compact roundabouts.
Comparing the deviation angle method (Italy) with the entry path radius method (USA) and the German method
The comparison between the deviation angle method and other two International methods is discussed in this section.
As regards the entry path radius method, the outcome of the checks is governed by the speed value (V) of the entry path radius R 1 , summarized in the following diagrams, where the range of validity of Table 2 is also shown. Figure 4 reports the speeds correspondent with the entry path radius as a function of ICD; for different values of L c and for R app /R entry /R exit /R dep equal to 60/12/15/60 and R app /R entry /R exit /R dep equal to 75/15/18/72.
To note, the value of entry path radius (and the corresponding speed) appears to be independent of the θ angle. In fact, the deflection check in the US Guidelines is solely based on the entry radius measured on the fastest path, constrained by a fixed offset on the entrance line (Figure 1f) . Hence, the rest of the fastest path is constrained by the θ angle, whereas the entry path radius cannot be influenced by it. However, the deviation angle method is strongly dependent on the θ angle, as discussed in section 3 (Table 4) . Table 5 reports the smallest ICD values to be used for fulfilling the entry path radius method (US standard), the German Method and the deviation angle method (Italian standard) respectively, by varying L c and θ, for R app /R entry /R exit /R dep equal to 60/12/15/60 and R app /R entry /R exit /R dep equal to 75/15/18/72. Those results are derived from Figure 4 , Table 4 and Eq. (4). Table 5 . Minimum ICD values, which satisfy the β recommendation (β up to 45°), according to different geometric parameters of the roundabouts
L c in m, when θ equal to 180°θ equal to 170°θ equal to 160°θ equal to 150°θ equal to 140°2
.75 3.00 3.25 3.50 3.75 2.75 3.00 3.25 3.50 3.75 2.75 3.00 3.25 3.50 3.75 2.75 3.00 3.25 3.50 3.75 2.75 3.00 3.25 3. As for the entry path radius method, the German method is also independent of the θ angle. Furthermore, both methods are independent of the radius R app, R entry , R exit and R dep . Hence, this is deemed by the authors as a weakness of US standards (and the other standards based on the entry path radius) as well as in the German method, both independent of the angle θ and the radius of the entry and the exit legs. This finding becomes crucial in the case of conversion of existing junctions into roundabouts, when roads intersect with angles smaller than 90° and the geometry of the roads cannot be varied due to boundary restrictions.
Furthermore, the minimum ICD value to satisfy the US standard is fixed, whereas the same check conducted through the German method varies according to the L c value. Comparing the results of the Italian method (even considering only θ equal to 180°) with the other methods, the Italian method proves to be the most conservative. In fact, in the same boundary conditions, higher diameters are necessary to satisfy the Italian deviation angle check. Moreover, it takes into account numerous geometric characteristics, ignored in the other two methods.
Discussion
The results presented in the previous section are discussed below. Starting from the results on the relationships between geometric parameters of the roundabouts and the deviation angle, the focus of the discussion is on both the comparison between the methods employed and the proposal of improvements for the Italian standard. Regarding the comparison between the three methods, they lead to similar results for roundabouts characterized by θ equal to 180°. However, reducing θ to 170° highlights that both the entry path radius method and the German method are much less restrictive than the deviation angle method. In fact, the first two methods are unrelated to the θ angle. This is a general issue, especially for converting four-leg intersections without traffic lights into roundabouts when the roads intersect with angles smaller than 90°.
To note, by using the results of the analysis carried out, practitioners know in advance whether the requirement (or recommendation) about the deviation angle is satisfied, once the main design parameters are known. However, although the analysis has been conducted according to the construction provided by the Italian Standard, the results serve as a term of comparison independently of the specific local standards, in the case of similar roundabouts.
The analysis of the same results leads to remarks about the weaknesses of the Italian standard. Several roundabouts possibly realizable in Italy unmeet the β recommendation. The recommendation is practically almost never satisfied for θ less than 140°. However, also for roundabouts with θ equal to 180°, the recommendation is always unmet for mini roundabouts and often unmet for compact roundabouts. On the contrary, the recommendation is always satisfied for large roundabouts and for 150° ≤ θ ≤ 180°. Values of L cir varying between large and compact roundabouts lead to non-compliance with the β recommendation for several compact roundabouts. Whereas, although L cir is kept equal to 6.00 m for compact roundabouts, the minimum ICD value reported in Table 5 shows a higher variability even for θ equal to 160° (instead of being almost always equal to 40 m).
Another interesting result to highlight is that, as well as the Italian standard, even the US and German verification give a negative deflection check for all mini roundabouts. In fact, the minimum ICD required to satisfy the deflection requirement based on the entry path radius method is 30 m, whereas it is between 26 m and 30 m according to the German method.
Hence, research that is more specific is needed on the design of mini roundabouts with respect to deflection, independently of the method used and the particular country standards.
Moreover, since different remarks about the deflection requirement arose for different types of roundabouts, some proposals for improvements are provided below, differentiated for roundabout type, considering the rural context. Since this study used the geometric Italian standard as a reference, the following recommendations are essentially related to the Italian types of roundabouts (large, compact, mini) . Potentially, they could be applied to other countries with similar geometric elements. However, further studies are needed to better address transferring these results to other countries.
Large roundabouts (ICD ≥ 40 m)
The β recommendation was fulfilled for all conventional roundabouts with θ angle included between 160° and 180°. The β recommendation is also satisfied for θ equal to 150°, especially for roundabouts characterized by small entry and exit radii or by both approaching and departing radii absent. Hence, further improvements are disregarded.
Compact roundabouts (25 m ≤ ICD < 40 m)
The β recommendation was only fulfilled for some compact roundabouts. When either the angle θ is reduced, the approaching and the departing radii are inserted, or the entry and the exit radii are increased, the situation gets worse. The differences in the circulatory roadway widths in the Italian standard, between compact and mini roundabouts (7 m and 8 m, respectively) and between compact and conventional roundabouts (7 m and 6 m, respectively) negatively affect the β check. Assuming a constant width of the circulatory roadway equal to 6 m may be an improvement, even for compact and mini roundabouts, in order to cut the discontinuities at ICD equal to 40 m and 25 m. The same diagram as in Figure 3 has been plotted in Figure 5a , considering a single width (with θ equal to 180° and the unfavourable case of R app /R entry /R exit /R dep equal to 75/15/18/72, m).
The proposed solution about the unique circulatory roadway width is eventually completed by inserting a truck apron in compact roundabouts too, to allow easy manoeuvring of heavy vehicles. The Italian standard recommends drawing the β angle by plotting the tangent lines to the non-mountable kerb of the central island. In fact, the truck apron is realized with a fully mountable kerb and with comfortably carriage able materials. A proposal for an improved solution consists in realizing the truck apron with a material easily mountable by heavy vehicles, but at the same time highly unattractive for cars. Several materials and solutions are potentially usable for giving discomfort to the car drivers in terms of noise and rolling due to surface irregularities. Some examples are proposed in Figure 5b . Similar solutions are already provided in Dutch and in UK guidelines. The width of the truck apron will depend on the dimensions of the heavy vehicles (resulting in the swept path), related to the inscribed circle diameter. Opting for a flat surface will be possible (to cut noise), with the same super elevation of the circulatory roadway (to cut the chance of overturning), but with a mountable kerb of 5 cm to 7 cm high.
Using truck aprons highly unattractive for cars, the deviation angle is proposed to be drawn by plotting the tangent to the outer part of the truck apron instead of the innermost, ensuring the β checks for almost all compact roundabouts. The case shown (check satisfied for ICD equal to 26.25 m with L c equal to 2.75 m and for ICD equal to 28.5 m with L c equal to 3.75 m) is the worst case for the used radii dimensions. The recommendation is satisfied with ICD equal to 25 m, being both the lower entry and exit radii present. Moreover, a slightly lower limit of the angle β is proposed, in order to allow greater design versatility for compact roundabouts, by reducing it from 45 to 40 degrees, as required by some local Swiss Guidelines. In fact, some studies have shown accident increasing for deviation angles less than 40 (Huber & Bühlmann, 1994) .
Mini roundabouts (14 ≤ ICD < 25 m)
Mini roundabouts need specific regulations to cut the approaching and circulating speeds. For mini roundabouts, the β angle is potentially usable as an indicator of traffic calming measures to be implemented. In particular, for deviation angles between 30 and 40 degrees, the implementation of light traffic calming devices (enhanced horizontal and vertical road signs, rumble strips, optical devices) are proposed. For β angles less than 30°, (considered possible by Huber & Bühlmann, 1994) , implementing more significant traffic calming devices is adviced (raised platforms, chicanes, automatic speed checks). Several International studies, Guidelines and Standards include implement traffic calming devices in mini roundabouts (Antov, Abel, Sürje, Rõuk, & Rõivas, 2009; Rossi, Gastaldi, Biondi, & Mulatti, 2013; WSDOT, 2017) . However, further studies have to be carried out to relate each traffic-calming device to the context and to the main function of the roundabout under examination. Finally, to make this proposal applicable, traffic-calming devices have to be standardized in countries where standards and regulations about their design are lacking.
Moreover, the assessment of geometric elements of mini roundabouts (and particularly the truck apron) has to be based on the worst design vehicles (in terms of dimensions) supposed in the roundabout traffic flow. This recommendation is proposed as an improvement for standards of countries where it is absent, such as in Italy.
Conclusions
This study was focused on the deviation angle method (used by Italian and Swiss standards), but a comparison with the entry path radius method (used in several countries) and with the German method has been carried out to check their compatibility or differences. The study was limited to single-lane four-legged roundabouts in rural areas. Moreover, the Italian standard was used to build more than 7.000 hypothetical roundabouts in a Computer-Aided Design environment, to check their deviation angle and compare the results with both the US entry path radius method and with the German method.
The following general conclusions from this study are drawn:
1. This study helps practitioners to know in advance the deflection angle value before the design process, once the boundary conditions are known. 2. The entry path radius and the German methods are much less restrictive than the deviation angle method for roundabouts with non-orthogonal intersecting roads or with different entry and exit legs radii, since the deviation angle is strongly dependent on the mutual inclination of the roads and on these radii. 3. The three methods considered led to a negative check for all mini roundabouts (inscribed circle diameter is equal from 14-25 m). The study has also led to the following conclusions specifically devoted to improve Italian regulations:
1. The use of a constant width of the circulatory roadway assumed to be equal to 6 m in this study, with a truck apron highly unattractive for cars, extend the Italian deviation angle recommendation (β more than 45°) to be valid for almost all roundabouts with an inscribed circle diameter greater than 25 m. 2. Mini roundabouts need specific regulation in standards of countries (e.g. Italy) where they are considered in a similar fashion and with similar arrangements for larger roundabouts. To some extent, some of the findings are transferrable to other countries, whereas some others are specifically related to the standards used, as explained in the paper. Hence, further investigations are needed for roundabouts in urban areas and for multi-lane roundabouts in rural areas. Nevertheless, a more general framework is a challenge for future studies, in order to spread the results of comparison between different deflection methods in other countries, through general tools.
